We study the competition between √ 3 × √ 3 (RT3) and q = 0 (Q0) magnetic orders in spinone and spin-3/2 Kagome-lattice XXZ antiferromagnets with varying XY anisotropy parameter ∆, using series expansion methods. The Hamiltonian is split into two parts: an H0 which favors the classical order in the desired pattern and an H1, which is treated in perturbation theory by a series expansion. We find that the ground state energy series for the RT3 and Q0 phases are identical up to sixth order in the expansion, but ultimately a selection occurs, which depends on spin and the anisotropy ∆. Results for ground state energy and the magnetization are presented. These results are compared with recent spin-wave theory and coupled-cluster calculations. The series results for the phase diagram are close to the predictions of spin-wave theory. For the spin-one model at the Heisenberg point (∆ = 1), our results are consistent with a vanishing order parameter, that is an absence of a magnetically ordered phase. We also develop series expansions for the ground state energy of the spin-one Heisenberg model in the trimerized phase. We find that the ground state energy in this phase is lower than those of magnetically ordered ones, supporting the existence of a spontaneously trimerized phase in this model.
Kagome lattice antiferromagnets have been studied extensively both theoretically and experimentally over the last few decades [1, 2] . There is, by now, very strong numerical evidence that the ground state of the nearestneighbor spin-half Heisenberg model on the Kagomelattice is a quantum spin-liquid and has no long-range magnetic order [3] . However, the more general XXZ model for larger spin and with XY anisotropy may well have long-range magnetic order [4] . Indeed, several experimental Kagome systems with large spin are known to have magnetic long-range order [5] .
Competing magnetic orders in these models were investigated recently by Chernyshev and Zithomirsky [6] using non-linear spin-wave theory, where they found a phase diagram with competing √ 3 × √ 3 (RT3) and q = 0 (Q0) magnetic orders at different spin and anisotropy ∆ values. The models have also been studied recently using the coupled cluster method by Gotze and Richter [7] who found a similar but not identical phase diagram to spin-wave theory. The main difference in the phase diagram was that in the coupled-cluster calculations the RT3 phase occupies a singificantly bigger region of the phase diagram at the expense of the Q0 phase. The purpose of this paper is to study the competing magnetic phases by series expansion methods. Our numerical results appear much closer to the spin-wave theory.
We consider the antiferromagnetic XXZ model on the Kagome lattice with Hamiltonian
where the sum is over the nearest neighbor pairs and ∆ is the anisotropy parameter. We will study spin-one and spin-3/2 model with various ∆ values less than or equal to unity corresponding to XY anisotropy (∆ < 1) and Heisenberg symmetry (∆ = 1).
To carry out the series expansion around a particular non-colinear ordered state, we rotate our axis of quantization at each site so the local z axis points along the ordering direction, and reexpress the Hamiltonian in this rotated basis. In this basis the ferromagnetic zz coupling will lead to order in the desired classical pattern. Thus by splitting the Hamiltonian into such an Ising term and calling it the unperturbed Hamiltonian and treating the rest of the Hamiltonian by perturbation theory, we can calculate the properties of the system in the ordered phase [8, 9] . The Hamiltonian we end up with takes the form:
with
and
where A,B, and C are the three sublattices. The XXZ model of interest only arises at λ = 1. Thus, the parameter t can be varied to improve convergence as it does not play any role at λ = 1. We have studied the model for different spin and anisotropy ∆. Our interesting finding is that regardless of spin, anisotropy ∆ and redundant field value t, the ground state energy for RT3 and Q0 phases are identical to 6th order in the series expansion. This high degree of degeneracy is reminiscent of the q-independence of the high temperature susceptibility for the classical Kagome antiferromagnet to high orders [10] and the high-temperature order-parameter susceptibility degeneracy for the XY pyrochlore antiferromagnets [11] . Here, the degeneracy is for the ground state energy. The degeneracy is lifted in 7th order. The difference between the ground state energy for RT3 and Q0 phases are given order by order in Table I for spin-one models and in Table II for spin-3/2 models. Examining Table 1 and Table II closely, it is clear that t = 0 does not have good convergence so we need to look at higher t values. In this case all terms of the difference series become negative for ∆ = 1, where as all terms are positive for ∆ ≤ 0.6 for both spin-one and spin-3/2. In other words, for ∆ = 1 the energy is lower for the RT3 phase whereas for ∆ ≤ 0.6 the energy is lowered for the Q0 phase. For both spin values ∆ = 0.8 is at the boundary between the two phases as all terms in the difference series do not have the same sign. However, adding up all the terms shows that the energy difference is still negative for both S = 1 and S = 3/2. This implies that ∆ = 0.8 is still in the RT3 phase. This suggests a phase diagram in the ∆ − S plane which runs roughly at a constant ∆ separating the two phases with a critical ∆ value a little below 0.8. This is in remarkably good agreement with the non-linear spin wave calculation of Chernyshev and Zhitomirsky [6] , who find that the phase boundary occurs at ∆ c ≈ 0.72. The coupled cluster calculation of Gotze and Richter find a much larger extent of the RT3 phase. For spin-one they find that Q0 phase exists only for ∆ less than about 0.3, while for S = 3/2 they find that the Q0 phase only exists for ∆ less than about 0.5. Clearly the series expansion results are much closer to the non-linear spin-wave theory.
The ground state energies, estimated by the use of Padé approximants, are shown in Table-3 and Table- 4. In general, the energy difference between the two ordered phases is very small. The results are consistent with simply examining the series term by term. The ground state energy is lower in the RT3 phase for ∆ = 1.0 and 0.8, and it is lower in the Q0 phase for ∆ ≤ 0.6.
The sublattice magnetization series is analyzed by first using a change of variables [12] to remove the square-root singularity caused by spin-waves and then using Padé approximants. Plots of the sublattice magnetization for the phase with the lowest energy are shown in Fig. 1 . For the XY model, our results of M/S = 0.86 for spin-one and M/S = 0.94 for spin-3/2 are in excellent agreement with the results of the coupled cluster calculations [7] . For the spin-one Heisenberg model our results suggest a vanishing sublattice magnetization or an absence of the magnetically ordered phase. For the spin-one Heisenberg model, several candidate ground state phases have been proposed [13] . Recent exact diagonalization and density matrix renormalization group (DMRG) studies by Changlani and Lauchli [14] presented strong evidence for a spontaneously trimerized phase in the model. Motivated by that study, we study the ground state energy of the trimerized phase by series expansions.
To carry out the expansion for the trimerized phase of the spin-one model, we consider all bonds in up pointing triangles to have exchange constant of unity, where as all bonds in down pointing triangles have exchange constant of α. At α = 0, this system breaks into disconnected triangles. For spin S = 1, each triangle of spins has a unique ground state. Series expansions can be calculated for ground state properties in powers of α by non-degenerate perturbation theory [8, 9] . The ground state energy per site, e 0 , has a series expansion [14] that the spin-one Heisenberg model has a spontaneously trimerized ground state.
In conclusion, in this paper we have studied the competing ground state phases of spin-one and spin-3/2 Kagome Lattice antiferromagnets with XY anisotropy. We find that near the XY limit the q = 0 magnetically ordered phase is obtained, whereas near the Heisenberg model the √ 3× √ 3 phase is realized. Our phase diagrams are in remarkably good agreement with spin-wave theory. For the spin-one Heisenberg model, the ground state is not magnetically ordered. We presented evidence that in this case the ground state is spontaneously trimerized.
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